Abstract-Phononic crystal (PnC) resonators of Bloch-mode resonance made by replacing periodically arranged two or three rows of air holes with one row of air holes on a twodimensional (2-D) silicon slab with air holes of square lattice have been investigated. Piezoelectric aluminum nitride (AlN) film is employed as the interdigital transducers to transmit and detect acoustic waves, thus making the whole microfabrication process CMOS compatible. We also fabricate a PnC structure which has a stopband of 140 MHz < f < 195 MHz which agrees well with the simulation results. From our experimental results, we found that the two kinds of microfabricated PnC resonators have different optimization conditions in terms of resonant frequency and Q factor, as well as insertion loss, despite their similar design approach. As compared to PnC resonators of hexagonal lattice, the proposed Bloch-mode PnC resonators of square lattice demonstrated higher resonant frequency, higher Q factor, and a smaller device area. The promising acoustic characteristics may be further optimized for applications such as microfluidics, biomedical devices, and radio-frequency communications in the gigahertz range.
currently, most reference oscillators are based on, with IC fabrication, silicon-integrated micromechanical oscillators are gaining more research interest due to the ability to be integrated with electronics [1] . Currently, researchers are mainly focusing on two types of microresonator technology, namely, capacitive-based [2] [3] [4] [5] [6] [7] and piezoelectric-based [8] [9] [10] devices. However, there is a tradeoff between these two types of devices, which is known as the tradeoff between Q factor and motional impedance. For silicon micromechanical reference oscillators which are based on capacitive microelectromechanical systems resonators, researchers have already demonstrated an f-Q product as high as 2 × 10 13 [11] . However, the motional impedance is also very high due to weak capacitive electroacoustic coupling. On the other hand, although piezoelectricbased microresonators can have their motional impedance to be below 50 Ω, the Q factor cannot be very high due to high loss in the piezoelectric materials [10] .
Phononic crystal (PnC) is a potential candidate to overcome the tradeoff between Q factor and motional impedance as PnC can store elastic energy in the microcavity made on high-Q materials such as silicon [12] . PnCs are the acoustic wave equivalent of photonic crystals (PhCs), which consist of periodically arranged scattering centers embedded in a homogeneous background matrix. From the aspect of elastic properties, PnCs are inhomogeneous materials with periodic variations. Thus, the dispersion characteristics of the PnCs lead to the existence of phononic bandgaps, in which the propagation of elastic waves within a certain frequency range is prohibited in any direction. PnCs with properly engineered bandgaps can be the basis of realizing a variety of functionalities such as acoustic waveguides, cavities, and filters. We can obtain such functionalities by modifying portions of the PnC structure for various applications in wireless communication and sensors.
So far, various types of acoustic and elastic wave propagation have been studied in different classes of PnC structures. Surface acoustic waves in semi-infinite PnCs with cylindrical air holes etched in a single material or a solid/solid composition whereby the air holes are filled with other kinds of materials have been studied [13] , [14] . Recently, the guided waves in 2-D PnC slabs have attracted more attention due to the fact that the 2-D nature of PnC slabs can provide better confinement of elastic energy. Various configurations of PnC slabs, such as cylindrical air holes etched in freestanding membrane [15] [16] [17] , cylindrical rods inserted into the air holes [14] , [18] , and cylindrical rods deposited on the top of the membrane [19] , as well as inverse acoustic bandgap (IABG) structure which is formed based on the use of high acoustic velocity center media (AlN and Pt) held by four thin tethers in a low acoustic velocity matrix (air) [20] , have been proved to have phononic bandgaps for elastic waves traveling in any direction. Researchers have also demonstrated the PnC slabs which can be operated in gigahertz frequencies [21] , [22] , giving PnCs a big boost toward applications in RF communications.
By adding defects to PnC structure, devices of various functionalities like waveguides and resonators have been reported [18] , [19] , [23] [24] [25] [26] [27] [28] [29] [30] . For example, a waveguide is formed by adding a line defect (e.g., removing one row of holes) to PnC structure [27] ; waveguide-mode resonance can be obtained when the two ends of the waveguide are closed by adding air holes at the two ends [28] ; cavity-mode resonator can be formed by adding either a point defect or a line defect in the form of a Fabry-Perot structure [31] . Also, waveguides are also demonstrated in IABG structure [32] to achieve ultrasonic focusing.
Generally, any wavelike phenomenon in a periodic medium can be described as Bloch wave. For example, a periodic dielectric in electromagnetism leads to PhCs, and a periodic acoustic medium leads to PnCs. Similar to the mechanism of forming photonic bandgap, phononic bandgap can be formed in phononic structure when scattering inclusions arranged periodically in a homogeneous host material which causes elastic waves in certain frequencies to be completely reflected by the structure. Researchers have already studied Bloch-mode resonance by modifying the periodicity of portions of the PhC to form a micro-/nanocavity [33] [34] [35] [36] [37] [38] , while slotted waveguide utilizing Bloch-mode resonance has been proved to have a higher Q factor and a lower insertion loss (IL) due to the better confinement of light inside the waveguide [39] [40] [41] . Conceptually, the micro-/nanocavity formed by modifying the periodicity of portions of the PhC is effectively a wavelengthscale Fabry-Perot cavity with PhC structures on both sides of the cavity, which functions like a mirror to reflect and thus trap the nanobeam waveguide mode. Because the cavity mode penetrates some distance into the mirror, it is crucial that the waveguide mode does not abruptly terminate at the PhC mirror boundary but penetrates and exponentially decays within the PhC structure, as abrupt termination would lead to substantial amount of scattering loss [34] . Thus, by analogy, the cavity-mode PnC resonator [31] is actually a Fabry-Perot structure which converts the Bloch waves from Bloch mode to propagating mode when the waves enter the cavity region from the surrounding PnC region. This mode conversion can lead to large amount of scattering loss, due to the large mismatch in acoustic impedance between these two regions. On the other hand, when defects are introduced to the PnC structure by replacing the central two or three rows of inclusions by only one row of inclusions, only the periodicity of Bloch waves is changed when the waves enter the cavity region from the surrounding PnC region, while the mode of the Bloch waves is still kept as Bloch mode. Thus, the mismatch in acoustic impedance can be reduced, and as a result, smaller amount of scattering loss and higher Q factor can be expected. In this paper, we present the design, fabrication, and characterization of micromechanical PnC resonators using Bloch-mode resonance. PnC bandgap optimization is done by the finite-element method (FEM) because the width of the bandgap is inversely related to the critical dimension (CD) of the structure and small CD could be very challenging to the microfabrication capability. For the purpose of easy comparison, the thickness of the PnC structures is fixed at 10 µm, and this is also the thickness of the device layer of the silicon-on-insulator (SOI) substrate used in later microfabrication. The transmission spectra of designed Blochmode PnC resonators are also analyzed using FEM, while experimental results of the microfabricated resonators using a 2-D silicon-based PnC slab with high-Q resonant peaks in the 100-MHz range are presented.
II. MODELING AND DESIGN

A. PnC Bandgap Optimization
The studies of the propagation of bulk waves in 2-or 3-D PnCs include the analysis of the bandgap effect in finite structures as well as the confinement and guiding of acoustic energy through the use of defect inclusions in the PnC structures. COMSOL Multiphysics software is employed for the modeling of the band structure of the 2-D PnC slab. The main principle behind the FEM of the band structure follows closely from firstprinciple physics, i.e., combination of Newton's second law of motion and a constitutive relation. The structural mechanics formulation is shown in
In (1), u is the solution vector which consists of displacements u x , u y , and u z . In our study, we set F = 0 because the solutions that we are looking for are the eigenvalues. Upon Fourier transform of (1), the resulting harmonic time dependence term exp(iωt) can be factored out. The time derivative can then be replaced by −ω 2 , as shown in
As shown in (2), the mode frequencies can be derived from the eigenvalues ω 2 , which could be solved using FEM, with a unit cell (inset of Fig. 1 ) of the PnC structure constructed as the first step. Subdomain settings are then applied to simulate the structure of air holes in the silicon background. Periodic boundary conditions are applied along the x-and y-directions. Lastly, we combine all the eigenfrequencies computed by the eigenfrequency solver to generate the band structure. An optimized plot is shown in Fig. 1 as an example of such a band structure, where a phononic bandgap can be clearly observed. The detailed optimization process will be discussed later in this section.
As shown in the schematics drawing (inset of Fig. 1 ), a is the lattice constant (or pitch) which means the distance between the centers of two adjacent holes, d is the thickness of the PnC slab, and r is the radius of the air holes. According to the bandgap optimization done using full 3-D plane-wave-expansion technique reported in [16] , given the fixed thickness of d = 10 µm, the maximum bandgap can be achieved when a = 17.54 µm, which means d/a = 0.57, and maximum bandgap can be achieved when r/a = 0.47. However, this will render the diameter of air holes to be 16.49 µm, if a is chosen to be 17.54 µm. As a result, the minimum feature size (CD), which is the minimum width of silicon between two adjacent air holes in this case, is 1.05 µm. Considering the feature size deviation attributed to fabrication process, e.g., the side wall profile variation of deep reactive ion etching (DRIE) process, such a small feature size brings significant challenge to microfabrication capability. Therefore, we set r = 8.18 µm and a = 18.18 µm as the targeted fabricated values. This gives us r/a = 0.45, which still yields a reasonably wide bandgap while making the microfabrication process less challenging. The calculated band structure after optimization shown in Fig. 1 has a stopband of 143.3 MHz < f < 186.3 MHz, which renders the gap-to-midgap frequency ratio to be 26.1%.
B. PnC Resonator Structure Design
After optimizing the band structure, the confinement and guiding of acoustic energy through the use of defect inclusions in the PnC structures are also analyzed using FEM. As inspired by the Bloch-mode resonance and the slotted waveguides created in PhCs, here, we design two different types of PnC Bloch-mode resonators which utilize defects in the PnC slab to generate resonant behavior [see Fig. 2 (c) and (e)]. Fig. 2(a) shows the schematic drawing of a PnC. The first type of PnC Bloch-mode resonators that we designed is formed by removing two rows of air holes (cavity width w = 2a) and replacing them with one row of air holes at the center [see Fig. 2(c) ]. The second type of PnC Bloch-mode resonators is formed by removing three rows of air holes (w = 3a) and replacing them with one row of air holes at the center [see Fig. 2(e) ]. Structures with various radii of the central holes (r ) are designed but only structures with r = 4 µm are shown for the purpose of illustration. Fig. 2(a) , (c), and (e) are the schematic drawings, Fig. 3(a) ] has a stopband of 143.8 MHz < f < 186.8 MHz, which is in excellent agreement with the simulation data obtained by the eigenfrequency solver (see Fig. 1 ). The resonant frequencies of the two designed PnC resonators are comparable (162.75 MHz for w = 2a and 160.95 MHz for w = 3a), with the resonant frequency of the first design (w = 2a and r = 6 µm) being slightly higher, as shown in Fig. 3(b) and (c).
Using the same structures which were built for the analysis of resonant frequencies, we also analyzed the mode profiles of displacement in the x-, y-, and z-directions of all designed PnC resonators under their respective resonant frequencies. Again, periodic boundary conditions are applied along the y-direction. As elastic waves in the silicon plate propagate by the interactions among the silicon atoms when they are displaced from their equilibrium positions, the energy stored in any solid structure is then associated with the displacements of the silicon atoms within the silicon plate. Thus, by analyzing the displacements of all the silicon atoms within the silicon plate (mode profiles of displacement), we can get information about the energy distribution along the structure. Fig. 4 shows the mode profiles of displacement of the PnC Bloch-mode resonators with w = 2a and with (a) r = 2 µm, (b) r = 4 µm, Fig. 4(b) ], which means the energy of the structure is concentrated at the central defect region, we can expect higher Q factors as a result of the better confinement of the energy by the phononic structure surrounding the central defect region. On the other hand, lower Q factors are expected for the cases whereby the displacement vector components are distributed evenly along the structure or concentrated at one end of the structure [e.g., see Fig. 5(d) ]. For these cases, the energy is confined poorly in the central defect region, resulting in lower Q factors expected.
III. MICROFABRICATION
To realize the 2-D PnC slab structure, first, the SOI wafer of the 10-µm device layer with 1-µm buried oxide (BOX) was deposited with 1 µm of aluminum nitride followed by metallization of 0.5-µm aluminum (Al) as top electrode [see Fig. 6(a) ]. The deposited AlN layer and top Al electrode were patterned subsequently using dry etching with a combination gas of Cl 2 /BCl 3 /Ar (in the ratio of 110:60:15) in an Applied Materials (AMAT) Centura Electron Cyclotron Resonance etcher (model: 5200; chamber pressure: 11 mT; bias voltage: −1000 V; RF power: 1300 W), using an endpoint-based recipe to detect etch completion with endpoint detection mechanism, so that overetching of silicon/AlN is minimized. This will form the interdigital transducers (IDTs) which act as the input and output of the acoustic waves on the configured AlN layer [see Fig. 6(b) ]. After that, a two-step DRIE is performed, one on the front side and another from the rear side of the wafer, forming cylindrical air holes of the square lattice of PnCs in the silicon device layer [see Fig. 6(c)] . The latter will release the structure from the bulk substrate, resulting in a free-standing 2-D silicon PnC slab. Lastly, the device is fully released by hydrofluoric vapor that etches away the BOX underneath the PnC slab [see Fig. 6(d) ]. Fig. 7(a) shows a microfabricated PnC structure of ten periods (rows) of air holes, with IDT formed by Al on the two sides of the PnC structure. A closeup view of the PnC structure is shown in Fig. 7(b) . Fig. 7(c) and (e) show the PnC Bloch-mode resonators with w = 2a, r = 4 µm and w = 3a, r = 4 µm, respectively. Four periods (rows) of air holes are patterned at each side of the defect region for all the PnC Blochmode resonators. Fig. 7(d) and (f) shows the closeup view of the central defect region of the PnC Bloch-mode resonators in Fig. 7(c) and (e), respectively. The PnC Bloch-mode resonators with four types of r , including 2, 4, 6, and 8 µm, are prepared and characterized in the current study.
IV. DEVICE CHARACTERIZATION
To experimentally characterize the microfabricated PnC devices, an Agilent E8364B network analyzer (short-open-loadthrough calibrated) was used to measure the transmission spectrum against frequency via IDT on the two sides of the PnC devices. Due to the piezoelectric properties of AlN film, acoustic waves were launched toward the PnC structure when an ac signal was applied on the IDT of the input port. The transmission through the PnC structure was picked up by the IDT of the output port. As the bandwidth of the IDT is small and the frequency range of interest is large (from 100 to 240 MHz), 15 sets of transducers with different electrode geometries were fabricated to cover the entire band of interest. We then extracted the S 21 parameter which is essentially the transmission of acoustic waves after the interaction with the PnC structure. A free-standing silicon slab without any PnC structure and with the same length is characterized by the same measurement setup such that the wave propagation of the tested PnC devices is normalized with respect to the transmission of the freestanding silicon slab in the same frequency range. Fig. 8 shows the transmission spectrum of the PnC structure shown in Fig. 7(a) . We observed that the measured stopband of 140 MHz < f < 195 MHz agreed quite well with the simulation results (143.8 MHz < f < 186.8 MHz). We believe the discrepancies are due to the drift of CD control in the microfabrication process, in which the radii of the air holes in microfabricated devices are larger than designed. The measured stopband leads to the center frequency of 167.5 MHz and gap- to-midgap frequency ratio of 32.8%. Fig. 8 also shows a maximum attenuation of 30 dB within the stopband. The large discrepancy in the maximum attenuation between the experimental and the simulated data could be due to two reasons. First, the noise floor in the measurement is high, which is around −30 dB. Signals below that noise floor could not be picked up by the network analyzer. Second, the scattering loss, which is a major source of energy loss, is not considered when periodic boundary conditions were applied in the simulation, and we assumed that the whole resonator is formed by the duplication of the repeating unit in the y-direction. The scattering loss could reduce the energy confinement by the phononic structure, thus decreasing the maximum transmission attenuation. Fig. 9 shows the measured transmission spectra of PnC Bloch-mode resonators with w = 2a and with (a) r = 2 µm, (b) r = 4 µm, (c) r = 6 µm, and (d) r = 8 µm. The tested resonant frequency agrees quite well with simulated data. For example, the resonant frequency shown in Fig. 9(b) is 161.25 MHz, and the resonant frequency obtained in Fig. 3(b) is 162.75 MHz. The slight deviation of measured resonant frequency could be due to the variation of the hole size and lattice constant introduced in the microfabrication step. We observed that the resonant frequency increased with respect to the increment of r . Moreover, as r increases from 2 to 6 µm, Q factor increases gradually from 852 to 954, while Q factor drops to 778 when r further increases to 8 µm. It implies that the resonance condition of a Bloch-mode resonator with a centralhole radius of 8 µm is slightly deviated from the optimized condition as achieved in the cases of r of 4 and 6 µm. The measured data are in good agreement with the simulated mode profile shown in Fig. 4 . The displacement vector components for r = 6 µm [see Fig. 4(c) ] are concentrated at the central defect region, which means that better confinement of energy by the surrounding phononic structure, and thus, higher Q factor was achieved by this design. On the other hand, in the case of r = 8 µm where the size of the central holes is comparable to the size of the air holes of the surrounding phononic structure [see Fig. 4(d) ], the displacement vector components and, thus, the energy are poorly confined within the central defect region, which leads to a lower measured Q factor of 778 [see Fig. 9(d) ]. Fig. 3(c) ]. As r increases from 2 to 6 µm, the resonant frequency remains relatively constant, which then increases sharply as r further increases to 8 µm. This result is consistent with the case of w = 2a. In addition, as r increases from 2 to 4 µm, Q factor drops from 847 to 766, while Q factor rises to 893 when r further increases to 6 µm. Upon further increment of r to 8 µm, Q factor drops again to only 700. We can see that the optimized condition for Q factor is r = 6 µm and this is the same optimized condition for the case of the PnC Blochmode resonator with w = 2a. Again, this leads to a conclusion that the resonance conditions of Bloch-mode resonators with central-hole radii of 4 and 8 µm are slightly deviated from the optimized condition as achieved in the cases of r of 6 µm. Also, the measured data confirm the simulated mode profiles of displacement shown in Fig. 5 . The displacement vector components for r = 6 µm [see Fig. 5(c) ] are more concentrated at the central defect region than other designs, which means the best confinement of the energy by the surrounding phononic structure, while for the cases of r = 4 µm [see Fig. 5(b) ] and r = 8 µm [see Fig. 5(d) ], the displacement vectors are large at one end of the structure and then distributed almost evenly along the structure, which yield poor confinement of energy by the surrounding phononic structure and, thus, lower Q factors.
The Q factors for all eight designs of resonators are summarized in Table I . Although the trend of Q factor as r increases for the PnC Bloch-mode resonator with w = 2a is different from the case of w = 3a, the optimized conditions for the two types of resonator are the same, i.e., Q factor reaches maximum when r = 6 µm. Moreover, the resonant frequencies for both types of resonators reaches their individual maximum at r = 8 µm. Thus, we can conclude that the Q factor reaches maximum when r = 6 µm and the resonant frequency reaches maximum when r = 8 µm for the type of PnC Bloch-mode resonators with several central rows of air holes removed and replaced with only one row of air holes on a 2-D PnC of square lattice. When putting both types of resonators under their respective optimized condition (r = 6 µm for Q factor and r = 8 µm for resonant frequency), the PnC Bloch-mode resonator with w = 2a has lower resonant frequency and higher Q factor.
Mohammadi et al. have reported a cavity-mode-based PnC resonator using a 2-D silicon PnC slab of hexagonal lattice [31] . Two kinds of resonant peaks were reported. One type of resonant peak with Q factor of 680 and IL of 4.6 dB was obtained at 149.5 MHz, and the other type of resonant peak with Q factor of 6300 and IL of 21 dB was obtained at 126.52 MHz. Due to the nature of better confinement of acoustic waves and four rows of air holes in one period, the cavity-mode resonator of hexagonal lattice using three periods provides resonance of higher Q factor with compromise of higher IL. In the case of the cavity-mode resonator using two periods, i.e., eight rows of air holes, resonant peak of lower Q factor and lower IL was obtained. In the current study, four periods, i.e., four rows of air holes, are employed for all Bloch-mode PnC resonators of square lattice. Although the acoustic wave confinement of PnC structures of square lattice is not as good as the one of hexagonal lattice, the measured Q factor of characterized Bloch-mode PnC resonators of square lattice with four rows of air holes is slightly better than the Q factor of the cavitymode PnC resonators with eight rows of air holes. This is because propagating waves inside the PnCs are a set of solutions of the wave equations satisfying the translational symmetry property. However, in finite periodic media where point defects are introduced to break the translational symmetry, evanescent modes can be supported as well. Recently, Laude et al. have analyzed the evanescent Bloch waves and the complex band structure of PnC [42] . In the complex band structure, band can be shown where this is not the case when one uses traditional ω(k) method to solve the band structure. By including the complex band structure, bandgaps can be defined as ranges of frequencies where all Bloch waves have to be evanescent [43] . For the case of cavity-mode PnC resonator, acoustic waves are of cavity-mode in the defect region (cavity region) while acoustic waves are of Bloch-mode in the PnC structure surrounding the defect region. The conversion between the two modes comes with substantial amount of energy loss due to the mismatch in acoustic impedance of these two modes. However, in the case of Bloch-mode resonators, the acoustic waves in both the PnC structure and the defect region are of Bloch-mode. This means that only slight mode conversion is involved when acoustic waves are confined within the defect region; thus, less energy is lost, and higher Q factor can be achieved. As a result, for similar design of Bloch-mode PnC resonators of square lattice using more periods, we can expect to get resonant peak of higher Q factor with slightly increased IL. Also, since the measured Q factor of the proposed Bloch-mode PnC resonators of square lattice with four rows of air holes is slightly better than the Q factor of the cavity-mode PnC resonators with eight rows of air holes, smaller device area is another advantage of the proposed Bloch-mode resonator as compared to other cavitymode resonators.
In order to clarify the physical picture of the difference between the mode shapes of cavity mode and Bloch mode, a Fabry-Perot cavity-mode resonator (without any air holes at the center of the cavity and with w = 2a) was also analyzed numerically and experimentally. The simulated mode profiles of displacement and the experimentally measured transmission spectrum are shown in Fig. 11(a) and (b) , respectively. Fig. 11(a) shows the typical Fabry-Perot resonant modes: the elastic energy is uniformly concentrated at the central defect region, and the polarizations are in x-and z-directions. The mode is quite similar to the flexural mode of the Lamb wave. However, in Fig. 4 , when air holes are added into the center of the cavity, there are some polarization in the y-direction, particularly for the cases of Fig. 4(a) and (d) , whereby polarization is concentrated in the y-direction. In addition, two kinds of oscillating modes appear in the cavity at the same time. First, the largest displacement is observed at the inner edges of the cavity. Second, we can observe that some elastic energy penetrates through the cavity. The former mode is analogous to the second localized mode of locally resonant sonic materials in [44] . The material consists of metal lead balls with silicon rubber coating embedded in epoxy matrix. For the second localized mode, the largest displacement appears in the silicon rubber. Similar localized modes have been observed in several localized resonant materials [45] , [46] . For the Bloch-mode resonators whereby air holes are added into the center of the cavity, the Lamb-wave mode within the cavity is destroyed by the presence of the central air holes. From Fig. 4 , one can see that, unlike the case in Fig. 11(a) , the elastic energy is no longer uniformly concentrated at the central defect region. Instead, there is more elastic energy in the region of added air holes. This phenomenon becomes more obvious when r increases. The cavity turns into an oscillator which consists of a mass clamped by the PnC structures on both sides. Hence, part of the incident elastic energy excites the second localized mode, while another part of the energy excites the new propagating mode. The propagating mode is polarized in the y-direction and reflected back and forth within the cavity by the PnC structure surrounding the cavity. It is equivalent to the nonresonant propagating mode which passes through the periodic oscillator array.
From the measured transmission spectrum of the cavitymode resonator shown in Fig. 11(b) , we can see that the Q factor is 698, which is slightly less than the Q factors of the Blochmode resonators in Table I . This agrees with the simulated mode profiles of displacement for both types of resonators. As both types of resonators were fabricated under the same processing conditions, the measured transmission spectra confirm that, by having air holes at the center of the cavity, mode mismatch can be reduced and Q factor can be improved.
V. CONCLUSION
In this paper, development work of the PnC resonators based on Bloch-mode resonance for 2-D PnC structures has been explored and characterized. Experimental data for eight designs of PnC Bloch-mode resonators which belong to two different types of cavity width (w) based on square lattice PnC structure were reported. These designed PnC Bloch-mode resonators of square lattice were realized from a microfabricated freestanding silicon plate. We have also characterized these two types of resonators with different central-hole radii (r ) to explore the effect of r and w on resonant frequency and Q factor. Preliminary data show that, for our fabricated PnC Bloch-mode resonators with central rows of air holes removed and replaced with one row of air holes on a 2-D PnC of square lattice, the Q factor reaches maximum when r = 6 µm and the resonant frequency reaches maximum when r = 8 µm. In addition, with relatively smaller PnC active area than other reported designs, the Bloch-mode PnC resonators based on square lattice PnC structure are very promising to be further explored for various applications such as microfluidics, biomedical devices, and RF communications.
